This paper summarizes the results of an investigation of the stress corrosion cracking (SCC) behavior of carbon steel in carbonate/bicarbonate solutions encountered in hot carbonate acid gas scrubbing processes for CO2 removal. This work has shown that potassium carbonate solutions which contain dissolved CO2 can cause SCC of carbon steel provided sufficient tensile stresses are present. Carbonate solutions which do not contain dissolved CO2 (HCO3-ions) do not cause stress corrosion cracking.
Introduction
Stress corrosion cracking (SCC) of carbon steel in hot potassium carbonate/bicarbonate solutions has led to several failures in refinery and ammonia plants which use hot potassium carbonate solutions as a scrubbing medium for removal of CO2 and/or H2S from hydrogen and other petroleum refinery gases1)2). A carbonate/bicarbonate solution generated in-situ from the soil side in regions of disbonded coatings has also been considered the cause of stress corrosion cracking of high pressure gas transmission pipelines3)-5). Previous work reported in the literature6),7) has shown dilute carbonate/ bicarbonate solutions inducing SCC in C-Mn steels. Stress corrosion cracking was reportedly observed in dilute ammonium and sodium carbonate/bicarbonate mixtures, but not in pure dilute carbonate solutions.
The present investigation was undertaken to study the stress corrosion cracking behavior of carbon steel in concentrated carbonate/bicarbon- cm diameter. The rods were cut into 33cm long pieces and machined into tensile specimens having a gage diameter of 0.25cm and a gage length of 1.27cm.
After machining the specimens were used without any further heat treatment.
Before the tests, the specimens were surface polished with 600 grit SiC paper, rinsed with water and finally degreased with acetone.
Slow-strain-rate tests were carried out in potassium carbonate and potassium carbonate/bicarbonate solutions which were produced by CO2 absorption in carbonate solutions, in the temperature range of 90 to 120C.
Several of the solutions tested were saturated with CO2 and also contained inhibitors/activators which are found in commercial acid gas scrubbing processes. Most of the tests were conducted at a strain rate of 1x10-6sec-1.
A few tests were also carried out at strain rates of 2.5x10-6, 4x 10-6, and 4x10.7sec-1.
These rates were selected because experience in this and other laboratories indicated that cracking of carbon steel generally occurs at strain rates between about 10.5 and 10.7sec-1.
The fracture and side surfaces of all specimens tested were examined with a scanning electron microscope (SEM) following catholic cleaning of the specimens using a proprietary alkaline solution.
In addition, metallographic examination of longitudinal sections through the fractured test pieces was also carried out for evidence of side cracking.
The assessement of the results was carried out in terms of the nature of fracture (micro-void coalescence vs. multiple cracking with intergranular or transgranular facets), morphology of side cracks, percent reduction in area, time to failure and maximum nominal stress calculated on the basis of the original cross section area. Average crack propagation rates were determined from the deepest crack measured on the final fracture surface and dividing this by the total test time. This assumes that cracking occurs continuously from the initiation of tests, whereas cracking probably does not initiate until the yield stress is approached.
The error introduced by this assumption is likely to be small, less than ten percent.
Results
Several experiments were carried out using 25% K2CO3/N2 sat'd and 25% K2CO3/CO2 sat'd at 90C (194F).
In addition, several experiments were carried out with CO2 sat'd carbonate solution which also contained different concentrations of sodium metavanadate and sodium arsenite.
These conditions were selected because they represent typical conditions which are likely to occur in the absorber and regenerator environments encountered in acid gas scrubbing plants using potassium carbonate and activated potassium carbonate processes.
Carbonate/Bicarbonate
Mixtures Have a Tendency to Cause Stress Corrosion Cracking Tests were carried out at the free corrosion potential of carbon steel and at several controlled potentials within the range of electrochemical potentials where the carbon steel surface is reactive as far as corrosion3). This potential range is mainly between -0.85 to -0.55V (SCE). Data of slow-strain-rate tests carried out in 25% K2CO3/CO2 and N2 sat'd at Figures 1 and 2 . the cracking is predominantly transgranular at lower potentials and tends to be intergranular at higher potentials. The average crack growth rate observed in the CO2 sat'd solutions appeared to vary with the electrochemical potential achieving a maximum rate of about 1.4x10-2mm/hr in the potential of about -0.75V (SCE) as shown in Figure  3 .
In the absence of dissolved CO2, potassium carbonate solutions were not aggressive toward carbon steel as shown with the Test No. 8, Table 1 . The lack of SCC in pure carbonate solutions without CO2 is attributed to the high pH of these solutions (-12) which tends to promote passivation and to lower cathodic reaction rates8).
Metavanadate Inhibitor Can Prevent Stress
Corrosion Cracking Potassium metavanadate has been used as a corrosion inhibitor in several activated potassium carbonate CO, scrubbing processes such as Catacarb and Benfield processes.
Several tests were therefore carried out to establish the effect of metavanadate ions on the tendency of carbonate/bicarbonate solutions to promote SCC of carbon steel under the influence of tensile stresses. Several tests using the slowstrain-rate method were carried out using 25% K2CO3/CO2 sat'd at 90-120C in which different concentrations of potassium metavanadate inhibitor were added. A summary of these tests No. 1 to 8 which were carried out at the free corrosion potential is given in Table 2 . In all tests except test No. 4 the test specimens were prepassivated in the test solution prior to running the slow-strain-rate test. In test No. 4 the specimen was cathodically activated at -1.5V (SCE) prior to testing.
The results summarized in Table 2 indicate that in the presence of sufficient concentration X=Temperature overrun to solution evaporation. =Specimen was activated at -1.5V (SCE) prior to testing. Fig. 4 Side view h otomicrograph of carbon steel specimen after test in 25% K2CO3/ CO2 sat'd containing 0.05% NaVO3, at 90C, at the free corrosion potential (Test 12, Table 2 ). 400X (Table 2) showing intergranular cracks/pits. Figure 6 shows the influence of metavanadate inhibitor concentration on the free corrosion potential of carbon steel in CO2 sat's 25% K2CO3. The data shows that very low inhibitor concentration under condition which can cause loss of passivity (e. g., overheating) may shift the corrosion potential within the cracking zone. Scuh condition can produce SCC.
Based on the results presented in Table 2 and Figures 4 and 5 it is concluded that carbonate/ bicarbonate solutions containing metavanadate inhibitor in concentrations greater than 0.2% NaVO3 suppress the tendency to SCC of carbon steel subjected to tensile stresses. However, the data also indicate that under conditions leading to passivity breakdown such as when the inhibitor concentration is lower than 0.2% NaVO3, SCC can occur. A more detailed discussion of the effect of metavanadate oxyanions on SCC of carbon steel in carbonate/bicarbonate solutions is given elsewhere9).
Carbonate/Bicarbonate
Solutions Containing Arsenite Have a Tendency To SCC Another commercial hot potassium carbonate process for CO2 scrubbing contains arsenite (which is added as As2O3) as a process activator and corrosion inhibitor.
This process is known as Giammarco-Vetrocoke process and is used extensively outside the USA. Practical experience with several plants using this process indicates that welded carbon steel equipment which have not been post weld heat treated can be susceptible to SCC1),2). Several tests were therefore carried out to gain an understanding of the effect of As2O3 on the tendency for SCC in carbonate/bicarbonate solutions. A number of tests were carried out using 25% K2CO3/CO2 sat'd with the addition of various concentration of NaAsO2. These tests were carried out at 90C at the free corrosion potential using slow-strain-rates of 1x10-6 sec-1. A summary of these test results is presented in Table 3 .
The data indicate that CO2 sat'd 25% K2CO3 Figure 7 and thus promotes SCC. The mode of cracking appears to be transgranular (Figure 8 ).
At these concentrations, arsenite tends to maintain the corrosion potential at potentials where hydrogen enhanced cracking can become significant as indicated by the somewhat reduced ductility of carbon steel (Table 3) . A more detailed discussion of the effect of arsenite on SCC behavior of carbon steel in carbonate/bicarbonate solutions is given elsewhere10).
Conclusion
Based on the results discussed in this report the following conclusions can be drawn: (1) Aqueous solutions of potassium carbonate (which do not contain CO2) with and without inhibitors do not cause SCC of carbon steel. These solutions have a pH of about 12 which promote passivity and does not support cracking. (2) Mixtures of potassium carbonate/bicarbonate solutions which are produced by CO2 absorption in carbonate solutions have a strong tendency to cause SCC of carbon steel under the influence of tensile stresses.
The maximum average crack growth rate is of the order of 1.4x10-2mm/hr.
The SCC mode is transgranular at lower potentials and intergranular in the higher potential range. Cracking was found to occur in the potential range -0.85 to -0.55V (SCE) but not outside this potential zone.
(3) Potassium metavanadate inhibitor in the concentration range greater than 0.5 wt% as NaVO3 can prevent SCC of carbon steel at the free corrosion potential. The effect of the vanadate inhibitor is to shift the free corrosion potential in the passive potential zone E>-0.55V
(SCE) where a protective iron oxide film can be maintained.
However, under conditions where passivity breakdown does occur (loss of inhibitor, overheating, etc.), metavanadate containing carbonate/bicarbonate solutions at active potentials [-0.85 to -0.55V (SCE)] can cause SCC of carbon steel. (4) Carbonate/bicarbonate solutions containing arsenite inhibitor/activator have strong tendency to cause SCC of carbon steel. SCC was found to occur in the potential range -0.85 to -0.55V (SCE) and at the free corrosion potential which lies within the cracking potential zone. The cracking mode is primarily transgranular.
(5) Experiences with these systems has shown that adequate post weld heat treatment (PHWT) which eliminates the welding residual stresses can prevent stress corrosion cracking11) Table 4 , Tested in 25%, K2CO3/CO2 sat'd with 0.5% NaAsO2 at Ecror, 90C. 2% Nital, 400x
